INTRODUCTION
The lung tissues are among the most sensitive tissues to ionizing radiation (1) . Respiratory failure due to radiation pneumonitis is a major cause of mortality after exposure to high-dose ionizing radiation (2) . Exposure to radiation can result in excessive production of reactive oxygen species (ROS) and reactive nitrogen species (RNS) that can cause oxidative damage to DNA, lipids and proteins, resulting in cell injury or death (3) . After irradiation, DNA damage leads to apoptosis of type I and II pneumocytes, and the proliferation of type II pneumocytes promotes the secretion of growth factors and proteases and degradation of the extracellular matrix to allow removal of dead cells by normal processes (4) . Pulmonary irradiation also damages epithelial and endothelial cells, compromises vessel integrity, decreases microvessel density and lung perfusion and promotes hypoxia (5) . While primary radiation-induced injury results in direct damage to cells, secondary effects are associated with increases in oxidative damage to DNA and ROS/RNS levels that can initiate and trigger a cascade of genetic and molecular reactions (5) (6) (7) . Various free radical scavengers (e.g., amifostine, vitamin E, carotenes and melatonin) have been tested for their potential to mitigate the lethal dose radiation-induced cell and tissue damage with limited success (8) (9) (10) (11) (12) .
Cerium oxide nanoparticles (CNPs) have a unique regenerative antioxidant property and can efficiently scavenge ROS/RNS (13) . In recent in vitro and in vivo studies, specific CNP formulations were reported to demonstrate significant antioxidant potential, often with very little or no toxicity (14) . Cerium can exist in either a fully oxidized (Ce 4þ ) or fully reduced (Ce 3þ ) state. At a molecular level, the Ce 3þ state on the surface of CNPs is believed to confer SOD-mimetic properties, and the Ce 4þ state is believed to confer catalase-mimetic properties (13) . The unique autoregenerative property of CNPs makes them promising therapeutic reagents. Furthermore, their antioxidant effects may persist for a long period of time after a single dose (15, 16) . CNPs have also shown a capacity to protect biological tissues against radiation-induced damage (17) (18) (19) , prevent laser-induced retinal damage (15) , reduce chronic inflammation (14) and reduce oxidative stressinduced neuronal damage (20) . CNPs protect the gastrointestinal epithelium from radiation-induced damage by reduction of ROS and upregulation of superoxide dismutase 2 (21) . CNPs have also been shown to cause faster wound healing/closing by induction of cell proliferation, induction of angiogenesis and reduction the oxidative stress (22, 23) .
A recent in vivo study demonstrated that CNPs protect against radiation-induced pneumonitis in immunodeficient athymic nude mice (24) .
In this pilot in vivo study, we evaluated the therapeutic efficacy of CNP-18 and CNP-ME (synthesized using two different methods) for preventing and mitigating radiationinduced lung injury and improving survival in CBA/J mice, a well-characterized murine model of lethal dose radiationinduced lung injury (25, 26) . We also evaluated secondary end points including multiple pulmonary functional parameter changes, pathological structural damage and collagen deposition, inflammatory response and vascular damage.
MATERIALS AND METHODS

Cerium Oxide Nanoparticle Synthesis and Characterization
The cerium oxide nanoparticles were synthesized using two different methods: microemulsion (CNP-ME) (27) and wet chemical preparation (CNP-18) (28) . Cerium nitrate hexa-hydrate of 99.999% purity was used for both preparations. The microemulsion process consisted of surfactant sodium bis (2-ethylhexyl) sulfosuccinate (AOT), toluene and water. Aqueous cerium nitrate (0.1 mol/l) was mixed with 50 ml toluene-AOT mixture, and then 5 ml 30% H 2 O 2 was added to the mixture and stirred for 2 h. The mixture was then allowed to separate into two layers overnight; the toluene layer was collected and 10 ml 30% NH 4 OH was added to precipitate the CNPs. The CNPs were then washed thoroughly using acetone and water to remove any residual surfactant and suspended in distilled water (ddH 2 O). CNP-18 was synthesized by a simple wet chemical method that has been described previously (14) . Briefly, cerium nitrate was dissolved in 50 ml of ddH 2 O (final concentration 5 mM) and then stoichiometric H 2 O 2 was added to the solution. Lastly, acidic pH (;4) was adjusted to maintain a good suspension. Size and morphology of the particles were analyzed using high-resolution transmission microscopy (HRTEM) (Tecnaie F30; FEIe; Hillsboro, OR). Crystallinity of the nanoparticles was determined from the selected area electron diffraction (SAED) pattern. Surface charge and hydrodynamic radius were assayed using a dynamic light scattering instrument (Malvern Instruments, Malvern, UK). Surface chemistry of CNPs was determined using X-ray photoelectron spectroscopy as described elsewhere (29) .
Animals and Irradiation
Female CBA/J mice (8-10 weeks of age, 21-25 g) were purchased from Jackson Laboratory (Bar Harbor, ME). All mice were housed 5 per cage at the Duke Genome Science Research Building II (GSRBII), a barrier facility, and provided food and water ad libitum. All experiments were performed with prior approval from the Duke University Institutional Animal Care and Use Committee (IACUC). After a 2-3 weeks of acclimation to the facility, mice were anesthetized by intraperitoneal (IP) injection of 100 mg/kg ketamine and 10 mg/kg xylazine and were 15 Gy whole-thorax irradiated at a dose rate of 69 cGy min À1 (320 kVp, 10 mA and HVL ¼ 1.00 mm Cu) (Precision X-ray Inc., North Branford, CT). Animals were irradiated in groups of 10. After irradiation, mice were kept on heating blankets to help maintain normal body temperature until fully awake and mobile. Prior to animal irradiation, technical validation, including 2D field uniformity and dose-rate linearity, were determined using Gafchromice film and metal oxide semiconductor field effect transistor (MOSFET) detectors as described previously by McGurk et al. (30) . Entrance and target tissue dose rates were determined using tissueequivalent mouse phantoms and implanted detectors in vivo.
Cerium Oxide Nanoparticles Dosing
Female CBA/J mice were randomized into 8 groups of 10 mice, as follows:
1. radiation alone [whole-thorax lung irradiation (WTLI; 15 Gy) þ saline injection]; 2. radiation þ CNP-18-L (15 Gy WTLI þ 100 nM CNP-18 treated, low dose ¼ 0.00007 mg/kg); 3. radiation þ CNP-18-H (15 Gy WTLI þ 10 lM CNP-18 treated, high dose ¼ 0.007 mg/kg); 4. radiation þ CNP-ME-L (15 Gy WTLI þ 100 nM CNP-ME treated, low dose ¼ 0.00007 mg/kg); 5. radiation þ CNP-ME-H (15 Gy WTLI þ 10 lM CNP-ME treated, high dose ¼ 0.007 mg/kg); 6. CNP-18 alone [10 lM CNP-18 injection (control)]; 7. CNP-ME alone [10 lM CNP-ME injection (control)]; and 8. Sham irradiation [saline injection alone normal (control)].
Nanoparticles and saline were delivered by IP injection twice a week (Monday and Thursday) for 4 weeks starting 2 h postirradiation.
Survival Analysis
Mice were closely monitored daily for signs of respiratory distress over the first 22 weeks postirradiation, including hypomotility, hunchback posture and tachypnea. Animals exhibiting more than 20-25% body weight loss, lethargy, hunchback posture, ruffled fur were euthanized. Mice with extreme respiratory distress were euthanized by administering barbiturate overdose (.250 mg/kg) in accordance with Duke Veterinary guidelines, then necropsied with measurement of lung tissue mass and pleural fluid content. All surviving mice were euthanized at a predetermined study end point of 160 days.
Functional Assessment of Lung Damage Using Flow Whole-Body Plethysmography
Unrestrained bias-flow ventilated whole-body plethysmography (WBP; Buxco Electronics, Wilmington, NC), which is a noninvasive method, was used to monitor longitudinal pulmonary function of irradiated CBA/J mice treated with CNP-18 or CNP-ME and shamirradiated control mice every two weeks after irradiation. Mice were placed unrestrained and unsedated in cylindrical plethysmography chambers and allowed to acclimate to the chambers for ;5 min and to show normal exploratory behavior, and then respiratory functional parameters were recorded for 15 min. All respiratory parameters were generated and collected simultaneously by the WBP instrument. All parameters were recorded and exported automatically without manipulation to demonstrate longitudinal pulmonary functional status of individual irradiated mice. Multiple lung function parameters include breathing rate (F), tidal volume (TV), minute volume (MV), enhanced pause (Penh), pause (PAU), inspiratory time (Ti), peak inspiratory flow (PIF), expiratory time (Te), peak expiratory flow (PEF), relaxation time (Tr), tidal midexpiratory flow (EF50) and total expiratory time (Rpef), which is the ratio of time from initiation of expiration to when peak expiratory flow is reached.
Gross Morphology and Histopathology
Mice were euthanized for assessment of tissue lung mass (a marker of edema and congestion) and pleural effusions at the time of imminent mortality and all surviving mice were euthanized 160 days postirradiation. After euthanization, a bilateral thoracotomy was performed and the whole lungs and heart were excised and rinsed briefly in cold phosphate-buffered saline, after which wet lung weight was recorded. The right lung and heart were frozen in liquid nitrogen and stored at À808C. The left lung was fixed using formalin and evaluated for gross morphology and degree of fibrosis. Fixed lungs sectioned at 5 lm thickness were stained with hematoxylin and eosin (H&E) for assessment of inflammatory cells, alveolar capillary distension or congestion, presence of hyaline membranes and alveolar wall thickness. Masson's trichrome stain was used to assess the degree of fibrosis. Quantitative assessment of the degree of interstitial fibrosis was determined using a numerical scale of 0-8 based on the Ashcroft scoring method (31) with standardized modification as described by Hübner et al. (32) .
Statistical Analysis
Data are expressed as the mean 6 standard error of the mean (SEM). The effects of cerium oxide nanoparticles on radiation-induced lung damage were analyzed by paired sample t tests within each group. One-way analysis of variance (ANOVA) with multiple comparisons test was performed to determine the statistical significance of differences in lung weight among groups. Intra-group comparisons were performed using one-way ANOVA with repeated measures at each time.
RESULTS
Nanoparticle Characterization
Cerium oxide nanoparticles used in this study were synthesized, maintaining a sterile environment. Since the physicochemical properties of synthesized CNPs play a critical role in determining cell-nanoparticle interactions as well as ROS/RNS scavenging capabilities, these parameters were analyzed thoroughly for both CNP-18 and CNP-ME (see Table 1 for results). HRTEM images show CNP-18 and CNP-ME were 3-5 nm crystalline particles with round-toirregular morphology (Fig. 1) . However, the hydrodynamic radiuses for CNP-18 and CNP-ME were observed to be ;38 and 91 nm, respectively. The increase in size indicates the formation of loose agglomerate in an aqueous environment. The measured surface charge was indicated as positive for CNP-18 (19.1 mV) and negative for CNP-ME (À20.4 mV). As mentioned earlier, surface oxidation ratio regulates the ROS/RNS scavenging property, with higher Ce 3þ /Ce 4þ ratio particles reported to have higher superoxide dismutase mimetic activity. Conversely, lower Ce 3þ /Ce 4þ ratio particles are more catalase mimetic (13). Interestingly, higher surface Ce 3þ /Ce 4þ ratio was observed in CNP-18 (1.26) compared to CNP-ME (0.45). These two CNP-ME Round/irregular Crystalline fluorite structure particles were tested for radiation mitigation activity in our in vivo model of radiation-induced lung injury.
Survival
To evaluate the radiation mitigation activity of CNPs, CBA/J mice were 15 Gy WTLI in the presence or absence of twice weekly IP injections of CNPs starting 2 h postirradiation for a duration of four weeks (total 8 injections). Our results show ( Fig. 2A ) that both CNP-18 and CNP-ME nanoparticles are well tolerated by CBA/J mice. The survival rate of irradiated mice was significantly increased (90%, 9/10, P , 0.0001) in mice treated with high-dose (10 lM) CNP-18 compared to the radiation-alone group (10%, 1/10). The survival rate of radiation þ CNP-18-L mice (30%, 3/10) was slightly higher than the radiation-alone control, which lacked statistical significance (P ¼ 0.60). Both low-and high-dose CNP-ME-treated irradiated mice showed an increased survival rate (40%, 4/ 10), which was marginally significant compared to radiation-alone mice (P ¼ 0.125, radiation þ CNP-ME-L vs. radiation alone; P ¼ 0.065, radiation þ CNP-ME-H vs. radiation alone).
Body Weight
The mouse body weight was measured before irradiation and then biweekly after irradiation through 22 weeks, the time point of euthanization (Fig. 2B) . Assessment of body weight changes over time was intended to serve as an indication of systemic toxicity of radiation-induced lung injury. The radiation-alone mice had a significantly lower body weight than either the sham-irradiated control or CNPs-alone treated mice from weeks 14-22 ( Fig. 2B) . A larger number of radiation-alone mice (6/10) had more than 15% body weight loss from recorded peak body weight from weeks [16] [17] [18] [19] [20] (Fig. 2B , Table 2 ). The radiation þ CNP-18-H mice did not experience significant weight loss over the duration of the study. The majority of the radiation þ CNP-18-H mice (7/10) had less than 5% body weight loss compared to the radiation-alone mice (1/10) and radiation þ CNP-18-L mice (2/10) (Fig. 2B, Table 2 ).
Wet Lung Weight
Wet lung weights are recorded as a marker of pulmonary edema and congestion associated with pneumonitis at the time of necropsy. Significantly lower wet lung weights (224.7 6 13.8 mg) were observed in the radiation þ CNP-18-H mice compared to the radiation-alone mice (339.5 6 22.4 mg) (P , 0.001; Table 2 , Fig. 2C ). There was no significant difference in average lung weights between the radiation þ CNP-18-H mice and sham-irradiated control mice (compared 224.7 mg vs. 200.5 mg; Table 2 ). We did not observe a significant difference in lung weights in radiation þ CNP-18-L or both low-and high-dose CNP-ME irradiated mice compared to the radiation-alone mice (Fig.   FIG. 2 . Mitigating effects of cerium oxide nanoparticles (CNP-18 and CNP-ME) on radiation-induced lung injury in CBA/J mice. Panel A: Kaplan-Meier survival curves for 160 days. The radiation þ CNP-18-H mice demonstrated significant improvement in the survival rate (90%, 9/10), compared to the radiation-alone group (10%, 1/10; P , 0.0001). Both the radiation þ CNP-ME-L and radiation þ CNP-ME-H groups showed increased survival rates (40%, 4/10). Panel B: Body weight. All irradiated mice except the radiation þ CNP-18-H group had obvious body weight loss starting from 16 weeks after WTLI. Panel C: Wet lung weight. All irradiated groups except the radiation þ CNP-18-H group had significantly higher lung weight compared to the sham-irradiated control. The radiation þ CNP-18-H group had a significantly lower lung weight than the radiation-alone group (P , 0.001). Panel D: Mean survival days. The radiation þ CNP-18-H mice had a significantly longer survival time than the radiation-alone mice (P , 0.0001). Data shown are the mean 6 SEM. ****P , 0.0001, ***P , 0.001, radiation þ CNP-18-H vs. radiation alone. 2C, Table 2 ). Both CNP-18 and CNP-ME-treated control mice had similar lung weights compared with shamirradiated mice ( Table 2 ), indicating that the CBA/J mice tolerated the high dosing of nanoparticles used in this study (Fig. 2C) .
Median Survival Time
The mean survival time of radiation þ CNP-18-H mice was significantly increased (157 6 3.0 days) compared to radiation-alone mice (125 6 4.9 days) (P , 0.0001; Fig.  2D , Table 2 ). Both low-and high-dose CNP-ME irradiated mice showed an improvement of mean survival (138 6 6.3 and 140 6 5.6 days, respectively) compared to the radiation-alone group (125 6 4.9 days) (Fig. 2D, Table 2 ).
Respiratory Functional Assessment
Noninvasive bias-flow-ventilated whole-body plethysmography (Buxco, Wilmington, NC) was used to quantitatively analyze longitudinal respiratory function in individual irradiated CBA/J mice with and without CNP treatment. As shown in Figs. 3A-D and 4A-B, multiple lung function parameters demonstrated significant variation starting from week 14 after WTLI, reaching peak levels at week 16 and 18, which corresponded to the highest lethality weeks and the most severe bronchoconstriction. At week 20 and 22, due to many deaths of moribund animals, the recorded respiratory parameters decreased in the mean among groups compared to week 16 and 18, which recorded the surviving animals and thus, those in less respiratory distress. Table 3 summarizes the numbers of mice in each group (n ¼ 10) that were recorded with significant percentage changes of respiratory parameters at week 16 and 18 compared to the corresponding sham-irradiated control parameters.
In our experiments, the respiratory rates in CBA/J mice range from 350 to 425 breaths per minute in healthy shamirradiated control mice (Fig. 3A, Table 3 ). Significantly higher breathing rates were measured in radiation-alone mice from weeks 16-22 compared to sham-irradiated control mice, CNP-18-and CNP-ME-alone treated mice. The radiation þ CNP-18-H-treated mice demonstrated significantly lower breathing rates with only 30% (3/10) of the treated mice showing a more than 10% breathing rate increase compared with 100% (10/10) radiation-alone mice showing a more than 10% breathing rate increase (Table 3) at week18 after WTLI. The radiation þ CNP-18-L and both high-and low-dose CNP-ME treatments failed to correct radiation-induced high breathing rates from weeks 16-22 with 80% (8/10), 60% (6/10) and 70% (7/10) of the treated mice showing more than 10% breathing rate increase, respectively (Fig. 3A, Table 3 ).
Tidal volume reflects the amount of air exchanged per breath in ml. The sham-irradiated and CNPs-alone control mice showed a steady increase in tidal volume from weeks 2-22. Obviously lower tidal volumes were measured in radiation-alone mice from weeks 16-22. The radiation þ CNP-18-H-treated mice demonstrated similar steady tidal volume value increases during the entire course observation. The radiation þ CNP-18-L-treated mice and both high-and low-dose CNP-ME-treated mice showed similarly reduced tidal volume levels compared with radiation-alone mice (Fig. 3B, Table 3 ). The inspiratory time is measured in seconds and indicates the period from initiation of inspiration to end of inspiration.
There were no obvious differences in the inspiratory time value in sham-irradiated and CNPs-alone control mice in the entire 22 weeks of observation. All the irradiated mice except the radiation þ CNP-18-H mice showed slight reduction in the inspiratory time value from weeks 16-22 CNP-ME (10 mM) Median survival (day) (Fig. 3C) . The radiation þ CNP-18-H mice demonstrated similar inspiratory time value to sham-irradiated control mice (Fig. 3C) . The tidal midexpiratory flow (EF50) is defined as the tidal flow (ml/s) at the midpoint (50%) of expiratory tidal volume (33) . During airway constriction, the main changes in the tidal flow signal occur during the midexpiratory phase. EF50 is used as a measure of physiologically meaningful and noninvasive parameter of bronchoconstriction for mice and rats (34, 35) . The radiation þ CNP-18-H-treated mice showed similar EF50 value compared with those of shamirradiated and CNPs-alone control mice with slight increases at week 18 ( Fig. 3D ) and only 2 of 10 mice had a 25% increase in EF50 value ( Table 3 ). The radiation-alone and radiation þ CNP-18-L or CNP-ME-treated mice showed significant elevation in EF50 value compared with sham-irradiated control, particularly for week 18 (Table 3) .
Minute volume indicates the volume of air exchange in units of ml/min. All irradiated and CNPs-alone control mice showed no significant difference from sham-irradiated control mice with a steady increase in minute volume from weeks 2-22. The irradiated mice may make an effort to compensate for reduced tidal volume by elevating their respiratory rate, suggesting that they are attempting to maintain minute volume (Fig. 3E, Table 3 ).
The peak inspiratory flow is measured in ml/s and indicates the maximum inspiratory flow rate. There were steady and continuous increases in peak inspiratory flow volume in sham-irradiated and CNPs-alone control mice (Fig. 4F) . There was no significant difference in peak inspiratory flow value in the radiation þ CNP-18-H mice ( Table 3 ). The peak inspiratory flow values in radiationalone mice, radiation þ CNP-18-L and CNP-ME-treated irradiated mice showed a slight reduction from weeks 18-20 compared with sham-irradiated control mice.
Expiratory time is the time in seconds from the initiation of expiration to end expiration. The expiratory time of the radiation-alone mice was significantly decreased as compared to sham-irradiated control and CNPs-alone injected mice 16-22 weeks after WTLI (Fig. 3G) . The radiation þ CNP-18-H mice showed no obvious decrease in expiratory time value from weeks 16-22 compared with those of shamirradiated control mice (Fig. 3G) . In contrast, the radiationalone mice, radiation þ CNP-18-L or CNP-ME-treated irradiated mice showed similar reductions in expiratory time value compared with sham-irradiated control from weeks 16-22, among which a larger percentage of mice (70-90%) showed more than 25% expiratory time value reduction (Fig. 3G, Table 3 ).
The enhanced pause is a dimensionless composite value ¼ (PEF/PIF) 3 (Te/Tr -1). Increases in enhanced pause reflect elevations in expiratory time and peak expiratory flow and decreases in relaxation time and peak inspiratory flow (36) . The enhanced pause of the sham-irradiated and CNPs-alone control mice were not altered at any time point of the experiment (Fig. 4H) . The radiation-alone mice showed significant elevation from weeks 16-20 and 80% (8/10) of the radiation-alone mice showed more than 100% increase in enhanced pause (Table 3) . Interestingly, the radiation þ CNP-18-H mice showed a slightly higher enhanced pause (Fig. 4H ) than sham-irradiated control mice from weeks 16-22, and only two mice (2/10) had more than 100% increase in enhanced pause value (Table 3) . This result suggests high-dose CNP-18 treatment can correct radiation-induced elevated enhanced pause and decrease pulmonary distress. In contrast, radiation þ CNP-18-L-and CNP-ME-treated irradiated mice showed significant increases in enhanced pause from 14 weeks postirradiation and maintained higher levels during weeks 16-20. Relaxation time is defined as time to expire 65% of the inhaled volume (36, 37) . The relaxation time of shamirradiated and CNPs-alone control mice were not significantly altered in the entire period of experiment. All of 10 radiation-alone mice showed a 30% decrease of relaxation time value during weeks 16-22, with peak value reduction at week 18 ( Fig. 3I, Table 3 ). There were similar levels of relaxation time value reduction in radiation þ CNP-18-Land CNP-ME-treated irradiated mice compared to radiationalone mice. The radiation þ CNP-18-H mice had a slight decrease in relaxation time value compared to shamirradiated control mice from weeks 18-22, with only 3 of 10 mice showing more than 30% decrease in relaxation time value (Table 3) .
Peak expiratory flow is the maximum flow rate during expiration, measured in ml/s. In general, there was a steady increase in the peak expiratory flow value over the entire experiment period. All irradiated mice except the radiation þ CNP-18-H group had a slightly higher peak expiratory flow value compared to the sham-irradiated mice at week 18 ( Fig. 3J ) and 3 of 10 mice in radiation þ CNP-18-H group showed more than 10% increase in peak expiratory flow value compared to 9 of 10 mice in the radiation-alone group at week 18 ( Table 3) .
The pause is designed to measure the ratio of the average flow during the first 65% of the expiration versus the average flow during the last 35% of the expiration (36) . Pause is expressed as Te/Tr -1. Increasing resistance increases the average height of early expiration. The distribution patterns of pause value changes in different experiment groups are similar to the observed changes of enhanced pause between groups (Fig. 3K) .
Total expiratory time is a unitless measurement based on the WBP waveform that measures the ratio of time from initiation of expiration to total expiratory time (when peak expiratory flow is reached). The total expiratory time value will decrease under severe bronchoconstriction (36) . The total expiratory time values of sham-irradiated and CNPsalone-treated mice were not significantly altered during the experiment, showing only a slight reduction from weeks 20 and 22. The radiation-alone mice showed a significant decrease in total expiratory time values from weeks 16-22, and a larger percentage (70%, 7/10) of the mice had more [16] [17] [18] [19] [20] [21] [22] in the following groups were significantly higher compared to: radiation alone; radiation þ CNP-18-L; radiation þ CNP-ME-L; and radiation þ CNP-ME-H vs. sham-irradiated control mice. The radiation þ CNP-18-H mice exhibited breathing rates significantly lower than those of the radiation-alone group from weeks 16-20, similar to those of the sham-irradiated control mice. Panel B: Tidal volume (TV) reflects the amount of air exchange per breath in ml. Sham-irradiated control mice and CNP-alone-treated mice showed a steady increase in tidal volume from week 0-22. Significantly lower tidal volume value was measured in radiationalone mice from weeks 16-22 compared to sham-irradiated control mice. The radiation þ CNP-18-H mice demonstrated a steady tidal volume increase similar to the sham-irradiated controls. Both high-and low-dose CNP-ME and low-dose CNP-18 treatment did not correct radiation-reduced tidal volume found in irradiated mice. Panel C: Inspiratory time (Ti) is measured in seconds and indicates the period from initiation to end of inspiration. All irradiated mice except the radiation þ CNP-18-H group showed obvious reduction in the : inspiratory time value from weeks 16-22. The radiation þ CNP-18-H mice had a Ti value similar to the shamirradiated control mice. Panel D: The EF50 value is defined as the tidal flow (ml/s) at the midpoint (50%) of expiratory tidal volume. The radiation þ CNP-18-H mice had an EF50 value similar to that of the shamirradiated control mice (with slight increases at week 18). The radiation-alone mice and low-dose CNP-18-or CNP-ME-treated, irradiated mice showed a significantly elevated EF50 value compared to the sham-irradiated control group, particularly for week 18. Panel E: Minute volume (MV) is the volume (ml) of air exchange in minutes, indicated as ml/min. All irradiated and CNP-alone control mice showed no significant difference from the sham-irradiated control mice, with a steady increase in minute volume from weeks 2-22. Panel F: Peak inspiratory flow (PIF) is measured in ml/s and indicates the maximum inspiratory flow rate. There was a steady increase in peak inspiratory flow value in the sham-irradiated and CNP-alone control mice. There was no significant difference in peak inspiratory flow value in radiation þ CNP-18-H mice compared to sham-irradiated control mice. The peak inspiratory flow values in radiation-alone mice, radiation þ CNP-18-L-and CNP-MEtreated irradiated mice exhibited obvious reduction from weeks 18-22 compared to the sham-irradiated control group. Panel G: Expiratory time (Te) is the time in seconds from initiation to end of expiration. The radiation þ CNP-18-H mice showed a expiratory time value similar to those of the sham-irradiated and CNP-alone control mice. The radiation-alone mice and radiation þ CNP-18-L or CNP-ME-treated irradiated mice showed obvious reduction in expiratory time value compared to the sham-irradiated control group from weeks 16-22. Panel H: Enhanced pause (Penh) is a dimensionless composite value derived from: (PEF/PIF) 3 (Te/Tr -1). All irradiated mice except the radiation þ CNP-18-H group showed significant enhanced pause elevation from weeks 16-20 compared to the sham-irradiated control group. The radiation þ CNP-18-H mice had a slight increase in enhanced pause compared to the sham-irradiated control mice from weeks 16-22. Panel I: Relaxation time (Tr) is defined as the amount of time needed to expire 65% of the inhaled volume. All irradiated mice except the radiation þ CNP-18-H group showed similar levels of relaxation time value reduction compared to the shamirradiated mice from weeks 16-22. The radiation þ CNP-18-H mice had a slight decrease in relaxation time value compared to the sham-irradiated control mice from weeks 16-22. Panel J: Peak expiratory flow (PEF) is the maximum flow rate (ml/s) during expiration. There were no obvious significant differences among all control than 40% total expiratory time value decreases. The radiation þ CNP-18-H mice had a noticeably smaller magnitude decrease in total expiratory time value compared to radiation-alone mice from weeks 16-22, with only 2 of 10 mice showing a more than 40% total expiratory time value reduction (Fig. 3L, Table 3 ). There were similar levels of total expiratory time reduction in radiation þ CNP-18-Land CNP-ME-treated irradiated mice compared with radiation-alone mice.
Histopathology
To determine the degree of radiation-induced pneumonitis and fibrosis, the left lungs were harvested and processed for H&E and Masson's trichrome staining. Pulmonary fibrosis was quantified using standardized scores on a scale of 0-8 as described by Hübner et al. (32) and Ashcroft et al. (31) . Both sham-irradiated normal (Fig. 4A) and CNP-18-alonetreated control (Fig. 4D ) lung sections had normal pulmonary architecture. Histology analyses of the lungs of the radiation-alone mice indicate evidence of severe radiation-induced pneumonitis ( Fig. 4B and E) . In contrast, the lungs of radiation þ CNP-18-H mice showed significantly less damage with respect to inflammation and greater overall volume of normal lung, indicating that CNP-18 given at a high dose can preserve normal pulmonary architecture ( Fig. 4C and F) . The lungs of radiation þ CNP-18-H mice displayed significantly less fibrosis (fibrosis grade ¼ 3.05 6 0.06) than the radiation-alone mice (4.85 6 0.11, P , 0.0001) at 160 days (22 weeks) after WTLI (Fig.  5A, Table 2 ). At the same time point, no significant difference was found between radiation þ CNP-18-L (5.28 6 0.10) and radiation-alone (4.85 6 0.11) mice (Fig. 5A , Table 2 ). No significant protection was observed in the irradiated mice treated with high-or low-dose CNP-ME (Table 2 ). In addition, significant reductions of inflammation (P , 0.01) and vascular damage (P , 0.01) were observed in the radiation þ CNP-18-H group compared to the radiation-alone mice ( Fig. 5B and C) . The lungs from radiation-alone mice showed severe pneumonitis with extensive macrophage infiltration (Figs. 5B and 4B) with inflammation score of 3.56 6 0.06, whereas the lungs from radiation þ CNP-18-H mice showed much less pneumonitis CNP-ME (10 lM) and irradiated groups, with a steady increase in peak expiratory flow value over the duration of the experiment.
In the radiation-alone group, only 2 mice survived 20 weeks and 1 mouse survived 22 weeks after WTLI, with all three showing a significant reduction in peak expiratory flow value. Each value is the mean 6 SEM. Panel K: Pause (PAU) is expressed as Te/Tr -1, which represents the ratio of the average heights of early expiration (Tr) to late expiration (Te -Tr). There were similar distribution patterns of pause value changes to those of enhanced pause in different experiment groups. Panel L: Total expiratory time (Rpef) is a unitless measurement based on the WBP waveform that measures the ratio of time from initiation of expiration to total expiratory time (when peak expiratory flow is reached). The total expiratory time values of sham-irradiated and CNPs-alone control mice were not significantly altered during the entire period of experiment. All irradiated groups except the radiation þ CNP-18-H mice showed significant decrease in total expiratory time value compared to the shamirradiated controls from weeks [16] [17] [18] [19] [20] [21] [22] . The radiation þ CNP-18-H mice had obvious less magnitude total expiratory time decrease compared to the radiation-alone group from weeks 16-22. Each value is the mean 6 SEM.
CERIUM OXIDE NANOPARTICLES MITIGATE RADIATION-INDUCED LUNG INJURY
and a significantly lower inflammation score (2.30 6 0.15) (Fig. 5B , Table 2 ). The lungs from radiation þ CNP-18-H mice had a significant lower vascular damage score (1.73 6 0.14) compared to that of radiation-alone (2.69 6 0.19) mice (Fig. 5C , Table 2 ).
DISCUSSION
The results of this preclinical efficacy study demonstrate that cerium oxide nanoparticle CNP-18, administered as a 10 lM (0.007 mg/kg) IP injection twice a week for 4 weeks starting 2 h after lethal dose WTLI (15 Gy), significantly reduced acute radiation-induced mortality, improved pulmonary function and decreased lung damage in CBA/J female mice (Fig. 2) . We used the IP injections based on our previous work, where the biodistribution of CNPs for IP, IV and PO administration routes was compared. Maximum tissue deposition of CNP has been observed with IV injection, whereas minimum CNP tissue deposition has been observed for PO administration. For IP injection, CNP tissue deposition was observed, in the particular order of the spleen . liver . lung . kidney. Therefore, we used IP over IV and PO (38) . At the study end point of 160 days, 90% of irradiated mice treated with high-dose CNP-18 survived, compared to 10% of mice in the radiation-alone group (P , 0.0001) and 30% in the low-dose (100 nM) CNP-18 group. Both low-and high-dose CNP-ME-treated irradiated mice showed survival rates (40%, 4/10) that were statistically marginally significant compared to the radiation-alone mice ( Fig. 2A, Table 2 ). The improvement in survival among CNP-18-treated animals correlated with reduced clinical manifestation of disease (Table 2) . Lung histology revealed a significant decrease (P , 0.0001) in structural damage and collagen deposition in irradiated mice receiving highdose CNP-18 compared to radiation-alone and low-dose CNP-18-treated mice (Fig. 4) . In addition, significant reductions in the inflammatory response (P , 0.01) and vascular damage (P , 0.01) were observed in the high-dose CNP-18-treated group compared to the radiation-alone control mice (Fig. 5) .
Previous attempts to mitigate and treat lung injury as a delayed effect of acute radiation exposure using various free-radical scavengers have had limited success (8) (9) (10) (11) (12) . CNPs have a variety of biological properties that are not found in many other free-radical scavengers. CNPs offer many active sites for free-radical scavenging, their mixedvalence states allow for unique redox chemistry and SOD mimetic activity (39) and their free-radical scavenging properties are autoregenerative (16) . Using CBA/J mice, we provide clear evidence that CNP-18 effectively mitigates radiation-induced lung damage in a dose-dependent fashion with a clearly displayed advantage for the high-dose CNP-18-treated group compared to the low-dose CNP-18-treated group (Fig. 2) . Less protection, as observed with CNP-ME treatment, may be due to poor pharmacokinetics or to higher agglomeration and/or different surface chemistry, such as a lower surface Ce 3þ /Ce 4þ ratio of CNP-ME (0.45) compared with CNP-18 (1.26) ( Table 1 ). The unique structure of cerium oxide nanoparticles (valence and oxygen defects) promotes cell longevity and decreases toxic insults by virtue of antioxidant effects (40) , which prevent the accumulation of ROS, thereby preventing the activation of the apoptotic response and cell death.
FIG. 4.
Representative H&E-stained lung sections show that the CNPs protect lungs from radiation-induced pneumonitis. Lung damage was assessed using H&E staining in sham-irradiated normal lungs (panel A), lungs from radiation-alone mice (panels B and E), lungs from radiation þ CNP-18-H mice (panels C and F) and lungs from CNP-18-alone control mice (panel D). The H&E-stained sections from 2 representative mice show significant radiation-induced lung damage in radiation-alone mice (panels B and E). Radiation-induced cell damage was significantly minimized in lungs of 2 representative radiation þ CNP-18-H mice (panels C and F). Normal pulmonary architecture is shown in lung sections from both sham-irradiated normal control (panel A) and CNP-18-alone (panel D) mice.
The flow ventilated WBP has become widely used to obtain multiple pulmonary measurements on mice without inducing significant injury and distress (41, 42) . However, there has been considerable concern over its validity, especially for the enhanced pause value (43, 44) . The WBP studies of lethal dose radiation-induced lung injury in this animal model contribute important longitudinal information to our understanding of radiation-induced lung damage and provide a valuable unbiased end point to evaluate the mitigating efficacy and therapeutic effects of new drugs, compounds, chemicals and biological reagents in murine model platforms. The high-dose CNP-18-treated irradiated mice exhibited significantly lower enhanced pause and pause values than the radiation-alone mice, indicating that high-dose CNP-18 treatment corrected radiation-elevated enhanced pause and pause value and decreased pulmonary distress and bronchoconstriction (Table 3 ). In addition, multiple respiratory functional parameters suggested possible changes in the amount of airway resistance, which were confirmed by histological findings of airway epithelial cell hyperplasia and fibro-obliteration of the alveoli, all of which result in airflow limitation and impaired gas exchange. Previous studies have shown that enhanced pause is used both as a screening parameter for pulmonary inflammation and as an estimate of airway resistance (45) , chronic airway inflammation and airway hyperreactivity in mice (46) , and lipopolysaccharide-induced acute lung injury in rats (37) .
In conclusion, this preclinical efficacy study demonstrates that CNPs have both clinically and histologically significant mitigating and protective effects on lethal radiation-induced lung injury. Future studies will be conducted to improve the delivery method which may further increase the likelihood of survival after lethal radiation exposures. We will focus on developing an aerosol formulation for direct delivery of CNPs to the lung for a better outcome and to minimize potential side effects. Moreover, the administration of CNPs at delayed time points, such as 24 h or 1-2 weeks postirradiation, will allow us to further evaluate whether CNPs can serve as a practical medical countermeasure (MCM) to mitigate radiation-induced pneumonitis and fibrotic remodeling in the lungs. Finally, additional experiments including systematical analysis of radiationinduced genomic DNA damage, gene transcription and expression changes and epigenetic alterations are warranted to elucidate the mechanism(s) of action of cerium oxide nanoparticles responsible for the radioprotective effects on lethal dose radiation-induced lung injury.
